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ABSTRACT

‘I'his paper presents initial results that demonstrate the end-to-end operation of the Micro-I'recision Interferom-
eter (M Pl) testbed. The testbed is a full-scale model of a future syace-based interferometer, containing all the
spacecraft and support systems necessary to perform an ast rometric measurement. The primary objective of the
testbed is to provide an end-to-end problem to evaluate and integrate new interferometer technologies, such as
vibration isolation, structural quieting, active optics, and metrology systems. This paper shows initial testbed
functionality in t erms of the ultimate performance metric: stabilization of stellar fringes (from a pseudo star). The
present incarnation of the evolving testbed uses afringe tracker and pointing control subsystem to stabilize the fringe
position to the 72 nm (I{ MS) level in the presence of the ambient laboratory seismic noise environment which is a
factor of 10 higher than that expected on-orbit. These encouraging preliminary results confirm that the MPI testbed
provides an essential link between the extensive ongoing ground-t rased interferometer technology development
act ivit ies and the technology needs of future spaceborne int erferometers.

Key Words: M icro-Precision Interferometer testbed, Michelson interferometer, vibration attenuation, fri nge
tracker, pointing control, wave tilt control

1. INTRODUCTION

For the last several years, the Jet Propulsion l.aboratory (J P’L.) Control Structures Interaction (CSI) Program
has been developing new vibration attenuation technologies requ ired by future precision optical space missions. This
effort originated by identifying the need for such technologies as a result of deriving the regquirements for the Focus
Mission Interferometer! (F'MI); a space-based, 30 m base] ine, pari ial aperture telescope, The control approach
evolved from the ensuing ¥MI conceptual design. ¥Figure 1 presents t he fundamental approach in terms of the three
vibration attenuation layers; vibration isolation, structural quieting, and active optics. ‘I’he basic strategy, referred
to as the “layered” control approach, is to isolate vibrating machinery at the point of attachment, damp specific
undesirable structural modes that limit optical control system bandwidths, anti finally to actively control specific
optical elements to achieve the desired optical performance. ‘I’his paper focuses primarily on the CS] Program’s latest
advancements in the active optics layer.

The CSIPhase B testbed provided the first hardware
validation of the layered control strategy. The goal for this
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at JPL. The primary objective of the testbed is to perform the systes n integration of CSI technologies required to
demonstrate the end-to-end operation of a space-based interferometer. In addition, the testbed allows benchmark
comparisons of com peting control technologies (e.g., 6-axis isolation systems) under similar conditions, using a
realistic optical performance metric.

Figure 2 shows how the testbed provides a critical link between ground-based interferometry and future space-
based interferometry missions. The optical design evolved from a ground-based operational interferometer (Mark
[11) which is bolted to bed rock on the summit of Mt. Wilson':1"he design and integration of the complexoptical system
with alarge, lightly damped flexible structure draws heavily from the CSI Phase I3 experience with regard to control
structure interaction issues. The testbed dimensionally and dynamicaly is representative of a number of future
interferometer missions that are presently at the conceptual designphase. Two future interferometer mission
concepts that will benefit directly from this effort will be the Orbiting Stellar Interferometer (0S1 )°and the Precision
Optical Interferometer in Space (POINTS). ‘I'he testbed can address different interferometry mission needs by
reconfiguring the relative location between the disturbance sources «nd the quiet optical components This paper
focuses on the configuration representative of the OS1 mission.

0S1 is a mission concept for a first-generation space interferometer with astrometric and imaging goas. The
approach uses three collinear Michelson interferometers, each defined by a pair of collecting apertures or siderostats,
to perform parcsec-level astrometric measurements and milliarcsec-level imaging of the heavens. Rather than
depend on accurate base body pointing of the entire spacecraft as wit h full aperture systems (e.g., HST) this design
utilizes high bandwidth optical sensing (metrology systems) and liigh bandwidth control of optical elements to
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achieve precision pointing requirements. Ind-to-end X
instrument astrometric performance depends on four
factors: (1) the number of photons, (2) the instrument’'s
effective collecting aperture diameter, (3) the
instrument’s ability to suppress vibrations of critical
optical elements, and (4) relating the measurements fo )SIDEROSIAT
from the three interferometers to one another. This
paper focuses primarily on (3). Instrument design
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and measure the stellar fringe position down to the 10- Figure 3. Stellar optical path for a Michelson interferometer.
nanometer (RMS) level. Fringe stabilization to this _

level implies the light path from thestar, through one arm of theinterferometer (g 1 2 3 4 5.6,7,8,9in Figure g)equals
the light path from the star, through the other arm of the interfe: ometer (S1',2',3',4',5,6',7,8',9',9 in Figure 3).

Stabilization of the resulting interference pattern at the beamn combin er(component 9 in Figure 3) requires successful

operation oftwo optical subsystems: the pointing control subsystem and the fringe tracking subsystem. The pointing

control subsystem independently points each interferometer arm at the same target star by articulating the
respective siderostat (1 or 1') and fast steering mirror (4 or 4') based on the two stellar images from the pointing

camera. Once each interferometer arm is “looking” at the same star, the fringe detector (see Figure 3) can measure
stellar fringe position. The fringe tracking subsystem stabilizes the fringe positionin the presence of spacecraft

disturbances and rigid body motion. The fringe tracker subsystem hiyg asingle actuator in one of the interferometer
arms which is the high bandwidth, high dynamic range active delay line (5, 6, 7 in Figure 3). This actuator translates

linearly, introducing an optical path delay, as commanded by the fringe detector, in order to equalize the two optical
paths.

Yach of the three colinear OS] interferometers stabilizesthe stellar fringes of a specific star. Two interferometers
(guide interferometers) stabilize the fringes of bright target stars. Theseinter ferometers provide a high bandwidth,
parcsec-level measurement of the attitude of the instrument's colinear baselines. The bright target stars provide
ample signal level for the guide interferometer pathlength and pointing control subs.ystems. The third interferom-
eter (science interferometer) observes the dim science object. A complex laser metrology systemg*9 relates the
measurements from the three interferometers to one another at the¢ nanometer level. The spacecraft contains two
metrology systems: an internal system to monitor interna pathlength changes (from the collecting aperture-1, 1,
to the beam combiner-9 in Figure 3) and an externa systein to measure flexible body motions of the three baselines
relative to one another. The high sensing bandwidths provided by the laser met rology system and the two guide

interferometers produce the feedback signal for the path length arid pointing control subsystem actuators of the
science interferometer.

The M}’] testbed is dimensionally a full-scale model of 0S1. The testbed contains al the necessary systems to
perform a space-based astrometric measurement. These systems includea7 mx 7 mx 6.5 m softly suspended truss
structure with the necessary mounting plates for subsystem hardware, a six-axis vibration isolation system which
supports a reaction wheel assembly to provide a flight-like input disturbance source, a complete Michelson
interferometer, internal and external metrology systems, and a star simulator that injects the stellar signal into the
interferometer collecting apertures. This paper emphasizes the operationof the Michelson interferometer which
functions as a guide interferometer. Figure 4 compares the present MPI configuration with the 0S1 mission concept
in terms of top-level system parameters and requirements. The only major difference in top-level requirements is
the pointing stability. This is because the collecting aperture diameter for OS] is a factor of 10 greater than the
collecting aperture diameter for MPI (30 cm, 30 mm, respectively).




A number of system parameters make the stabiliza-
tion of stellar fringes in the ground-based laboratory
more challenging than on-orbit. The attitude of the MI’]
testbed, which is determined by a passive three-point
suspension system, can vary as much as a few degrees
from day to day compared with the arecmin accuracy of
the 0S1 basebody control system. in addition, the M Pl
disturbance environment has an additional contribu-
tion from the ambient lab seismic vibrations. As shown
in the results section, the ambient variation in stellar
fringe position is a factor of 10greater than that expected
on-orbit (-10 pm vs. -1 pm). The major contributors to
this motion are the rigid body oscillations of the struc-
ture and motion of the star simulator which sits on the
lab floor. The mgjority of this energy isbelow 1 Hz. This
paper addresses the problem of stabilizing stellar fringe
position in the presence of this ambient laboratory noise
environ ment.

2. TESTBED CONFIGURATION

Figure 5 shows a bird’s-cye view of the MPItestbed.
‘I’he six-axis isolation system, located at the base of the
tower, isolates the testbed’'s reaction wheel disturbances
from the truss structure. ‘I’he optics boom contains all
the interferometer optica components and will be the
focus of the remainder of the paper. The interferometer
observes a pseudo star that resides on a 4-m optics table
situated pardlel to the optics boom. Finaly, the exter-
nal metrology boom supports the metrology hardware
necessary to measure the relative position (in three
dimensions) of the interferometer baselines. ‘I’his will
become important when the second baseline is added to
the testbed.

Figure 6 zooms in on the optics boom and traces the
stellar optical path through the star simulator and
testbed optical train. The included schematic diagram
of the same region calls out important optical compo-
nents. In addition, the inset in Figure 6 indicates the
changes in the stellar beam cross section at the respec-
tive locations along the optical path. The following
discussion traces the stellar optical path through the
system. For further details on the optical system, see
reference 10.

The “star” source is the laser head of a commercia
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Figure 5. Bird’s- cye view of the MPI testbed.

laser interferometer system that sits on a pneumatically suspend ed optical table. The laser output is a 6-mm-
diameter beam with two orthogonally polarized beams that differ in frequency by 1.8 Mllz. The beam diameter is
expanded to 30 mm and then divided by a polarization-sensitive beamsplitter. A number of fold mirrors direct each
of the two polarization-specific beams to a final fold mirror located near the respective interferorneter collecting
aperture location. The final fold mirror, which directs thestellar beam from the table to the MPI structure, is
mounted on a support that overhangs the suspended stracture, to provide vertical feed to the siderostat.
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The two interferometer beam paths experience symmetrical reflections in the two interferometer arms on the
testbed. ‘I’he following traces the “inboard” beam path (collecting aperture on the right-hand side of the figure)
without loss of generality. The two-axis gimbaled siderostat mirror contains a 12-mm-diameter retroreflector used
by the internal metrology system. Therefore, the beam leaving the siderostat consists of an annular stellar beam and
a central infrared metrology beam. A90/10beam splitter picks off 10% of thisbeam and sendsit to a coarse acquisition
sensor, used by the siderostat to initially acquire the star. The remaining light travels to the 2-axis, high bandwidth
fast steering mirror which sends the light into the active delay line.

The output beam from the active delay line reflects off three fold mirrors, sending the beam to the “outboard”
plate (closest to the collecting aperture on the left-hand side). The t bird fold mirror directs the beam to the beam
combiner where the beam from the inboard siderostat is reflected to join the transmitted beam from the outboard
siderostat. After the beam combiner, the central region of the combined stellar beams passes through the hole in
the annular pickoff mirror to a fringe detector as a single beam witl two orthogon al components with frequencies
that differ by 1.8 MHz and phase that depends on the optical path of each. The detector, a standard receiver for the
commercial interferometer, produces a 1.8-Mllz heterodyne signa with a phase that varies as the OPD of the stellar
beams changes. The annul ar pick-off mirror reflects the outer region (30-mm OD and 25-mm D) of each stellar beam
and directs them to a CCI) camera.

In addition to the stellar beam, two independent internal metrology beams trace the internal paths (from beam
combiner to siderostat corner cube) of each interferoineter arm. In contrast to the visible stellar beam, the internal
infrared metrology system is a two-pass system. Beam launchers, i n close proximity to the beam combiner, inject
the respective metrology beams into the system through holes bored in neighboring fold mirrors.

Finaly, the outboard optical path has an additional I-arc-minute annular wedge that contains a centra hole that
corresponds to the pick-off mirror hole diameter. This causes the outcr annular region of the beam from the outboard
siderostat to be offset by 1 arc minute while the center portion passes through undeviated. Thus, at the pick-off
mirror, the central portions of the two beams are parallel while the outer regions diverge at an angle of 1 arc minute.
The two reflected annuli are brought to a focus on the CC]) camera ‘Jhe wedge therefore enables a simple means
to sense wave tilt error in the optica system with a single sensor.

3. POINTING CONTROL SUBSYSTEM

The purpose of the pointing control subsystem is to ensure that e¢:ich arm of the interferometer points at the same
target star. Equivalent y, this subsystem guarantees the wave fronts from the two co] lecting apertures are paralél.
Achieving this function is a necessary prerequisite to stabilizing stellar fringes. The MP1 pointing subsystem must
stabilize the stellar centroid position to a small fraction of the cliff raction limit of the imaged spot. The pointing
requirement istherefore (3/30mm) *. | = 2.1 prads. Since each arm of the interferometer must  independently’’ point”,
each arm has a stand aone pointing control subsystem. Figure 7 shows the pointing control subsystem for one arm.

This subsystem has two actuators: the low-bandwidth, large-angle siderostat, and the high-bandwidth, precise,

fast steering mirror. As in the case of the eventual 0S1 mission, the inain function of the MPI siderostat is to acquire
the star. Once acquired, the siderostat is locked down during the observation period. Therefore, the fast steering
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Figure 7. Block diagram of the pointing control subsystem. 1he sk aded regionsirdicate the analog components.




mirrors are the pointing control subsystem disturbance rejection actuators. The MPI high voltage fast steering
mirror has a bandwidth of 1 k}z and an angular range of +/- 35 arcsecs. Three symmetrically orientated piezo
actuators position the mirror, providing tip and tilt motion.

‘I"he sensor for the pointing control subsystem is a high-frame-rat{ 32 x 32 pixel CCl) camera. The camera screen
isdivided in half so that each arm of the interferometer has an assigned region on the camera to be imaged. This
is possible due to the annular wedge discussed in Figure 6. During closed loop operation, only a5 x 5 pixel window
is transferred from the camera to the processor enabling high sample rates. The dedicated processor for this loop
calculates x, y centroid values for this 5 x 5 image at 4 kllz.

The control loops to maintain the desired x and y centroid position are completely decoupled over the frequency
range of interest. For this initia effort, the compensator is a simple first-order low-pass filter. The unity gain
frequency for the loop (both axes) is 30 Hz. The digitally inmiplemented compensator spits out an x and y command

signal to an analog decoupling circuit, which transforms the (XC, y.)cor nmand signals into three drive voltages for the
fast steering mirror.

All four loops (inboard X, y, outboard X, y) have the same compen sator. Over the de-30 Hz frequency range, the
total loop transfer functions for these loops are identical. When these bandwidths increase with the introduction of
the reaction wheel disturbance, this will probably not be true.

Figure 8 shows an open loop power spectral density of the outboard y centroid position in response to the lab
ambient environment. Note that the majority of the energy is below 1 Hz due to the rigid body modes of the suspended
truss and the motion of the star simulator table. The plot also indicates the ambient disturbance level drops below
the camera noise floor above 10 Hz.J¥or this data set, the total open loop spot motion is . 747 purad (RMS) which is
below the required pointing stability. This suggests the pointing control subsystem is not necessary to reject the
ambient disturbance environment. However, rigid body testbed motion over long time periods (i.e.,, hours) easily
introd uces enough pointing error to justify the closed loop system.

Figure 9 shows the results of a pointing control subsystem experiment. Betweent= O to 7 seconds, the plot shows
ambient disturbances which include a moving star (-1-2 1 1z), aswaying structure (~1Hz), air conditioning unit
vibrations (-30 Hz) .. .}owever,att= 7 seconds, the loops are closed and the centroid position locks to the desired
] 5.8 pixel set point position, rejecting all disturbances. The pointing control subsystem improved angular stability
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from 2.35 prad (RMS) open loop, to .27 prad (RMS) closed loop. With the two interferometer arms locked onto the
same star, the fringe tracker subsystem can now function.

4. FRINGE TRACKING SUBSYSTEM

The purpose of the fringe tracking subsystem is to equalize stellar pathlength from the target star through each
arm of the interferometer to the point they are combined. The MPI fringe tracking subsystem (and the 0S1
subsystem) must stabilize the optical path difference in the twoarmsor equivalently the stellar fringe position down
to 10 nm (RMS). This subsystem consists of two nested closed loops} stems, each with a dedicated sensor and each
using the same actuator in a different manner. Figure 10 shows a block diagram of MPY’s fringe tracking subsystem.

The “inner” loop is aso referred to as the internal path length controlsubsyster n. The purpose of this loop is to
precisely maintain the desired optical delay as commanded by the fringe tracker (outer loop). ‘Jhe actuator for this
subsystem is the active delay line which actually consists of three nested actuators. This three-tiered actuator acts
as a linearly translating retroreflector with tremendous dynamic range. A stepper motor provides low frequency,
long travel capability (m). An intermediate voice coil actuator trandates (cm) the entire cat’s-eye assembly in the
mid-frequency range (dc -100 Hz). A reactuate piezosupporting the secondary mirror providesthe high bandwidth
(kt1z) precise actuation stage (um). Analogous to the siderostat actuat or of the pointing control subsystem, the coarse
stepper motor is used primarily to slew and acquire a new stellar fri nge. Once acquired, this stage is locked down
and the other two stages provide the actuation necessary to rgject cl isturbancesduring an observation.

The sensor for the inner loop is the IR metrology system, used to monitor internal pathlength changes from the
beam combiner to the respective siderostat mounted corner cubes (see Figure 6). With the custom electronics, this
two-pass system can measure the relative delay line position to within 25 nm. The inherently digital laser counter
board provides internal pathlength updates at 8 kH to the dedicated pathlenglh control processor. ‘J his processor
implements the fourth-order pzt and fourth-order voice coil compensators which have bandwidths of 650 Hz and 100

Hz, respectively. This processor spits out two command signals to the active delay line: one to the voice coil and one
to the pzt.

The outer loop or fringe tracker looks at the inner loop as an extremely precise, high-dynamic range, high-
bandwidth actuator (see Figure 10). The sensor for this loop is the fringe detector. The planned 0S1 system views
white light sources which have a unique central fringe. In contrast, the MP1 star uses a visible laser which repeats
every 633 nrn. With respect to acquiring the stellar fringe and sensing its position, the white light source requires
modulation of the active delay lineto enable measuring fringe amplitude and phase. ‘I'his adds additional complexity

INNERLOOP == FRINGE TRACKER ACTUATOR

SYSTEM

|
|
|
|
FRINGE = ¢ :
I
|
|

DYNAMICS ||
POSITION [ L — i I A . ,
’ vvvvvvv l R} . ME ASURED
+ F1 +O ; SYSTEM FRINGE
> > )+ MET | % 2. » FRINGE
leOMP - vt L’)YNAMICS [DET%CTOR} POSITION

DYNAMICS

o]
\ VG
)

!
I
U
|
SYSTEM }f jr
l
I
|
|

Figure 10. Block diagram of the fringe tracker subsystem. The shaded 1 egions indicate the analog components.



to the fringe tracker sensor and actuator compared to that required by the present MP1 visible heterodyne system.
This system references al fringe motion to the position at the time the fringe tracker began measuring fringes and
calls that the central fringe. All subsequent optical path difference variations are with respect tothisinitial measured
position. It is important to note that this simplified fringe tracking system does not change the disturbance rejection
approach to stabilizing stellar fringes.

The MPI fringe detector provides fringe position measurements at 8 kHz. These measurements are difference
with the desired fringe position (0) to create the error signal to befiliered by the fringe tracker compensator. The
bandwidth of the fringe tracking loop is 100 z. The compensator is a simple first-order low-pass filter implemented
on a dedicated fringe tracker processor. The output of this filter is the command signal to inner loop.

Figure 11 shows an open loop power spectral density of MPIfringe position in response to the lab ambient
environment. Note that the mgjority of the energy is below 1 Hz due to the rigid body modes of the suspended truss
and the motion of the star simulator table. The ambient fringe motion is 5.66 pm (J{ MS) which violates the 10 nm
(RMS)bya factor of 500. Simulation studies offuture spaceborne inteiferometermissions predict the open loop fringe
motion to be on the order of 1 pm (RMS)Y. Therefore, in order to achieve the 10 nm (RMS) attenuation level in this
noisy ground-based laboratory (see Figure 11), the fringe tracking subsystem inust have significant disturbance
rejection ability at low frequency.

Figure 12 shows measured fringe position under three different conditions. The first 22 seconds shows the open
loop response to the lab ambient disturbances. The open loop motion is 10 ym (KMS). Between 22 and 37 seconds,
theinnerloop wasclosed on itsown. Note that in this configuration (with theouterloop open) theinnerloop maintains
a constant internal path length. Thus, the instrument looks like a rigid structure from the fringe detector perspective.
This configuration removes all fringe position motion that results from the resonant structure but still has fringe
position motion from many other sources: rigid body motion of the structure, static deformation of the floor (and
therefore change in star position), atmospheric disturbances and dynamics of the optics table. All of these factors
can be scen in this time period. At t:= 37 seconds, the outer loop was closed. 1 n this configuration, the fringe tracker
subsystem stabilizes fringe position to 72 nm (RMS) in the presence of the lab ambient disturbances.

5. TRANSFER FUNCTION RESUI.TS

Although the dominant vibration source for spaceborne interferometers is from the spacecraft reaction wheels,
which are characteristically narrow-band in nature, a convenient means of assessing disturbance rejection is
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Figure 13. Relation benveen the shaker disturbance input location (collocated with the
reaction wheel) and the fringe detector output location.

measuring a broad-band transfer function from disturbance input to sensor output. Figure 13 shows the shaker
input mounting location (collocated with the reaction wheel) and the fringe detector output location used for these
measurements. Figure 14 shows the open loop transfer function. Fach of the vibration attenuation technologies
targets a different frequency range with the collective goa of reducinig the entire transfer function (see dashed line
in Figure 14). This corresponds to shaker (or equivaently reaction wheel) disturbances not being measurable at the

fringe detector.

Figure 15 compares the open loop transfer function with the transfer function measured with an operationa
pointing control subsystem and fringe tracker subsystem. Notethe significant amount of attenuation at low
frequency. The fringe tracker loses its effectiveness around 100 Hz (the unity gain frequency for this subsystem).

Finally, Figure 16 shows initial results from the
combination of two technology layers: active optics and
active/passive 6-axis vibration isolation. The same
transfer function was measured with an operationa six-
axis vibration isolation system”1? and the active optical
system from Figureis This initial measurement shows
how these two layers complement each other. in the low-
frequency region, all the disturbance rejection comes
from active optics. Both layers contribute to the vibra-
tion attenuation in the 10 -100 Hz frequency range.
Beyond the bandwidth of the active optics (100 Hz) al
the disturbance regjection is dueto the vibration isolation
system .

6. FUTURE WORK

The end-to-end performance of the MPI testbed
continually improves. At submission tin-m of this paper,
the stability of the closed loop fringe position improved
from 72-rim (RMS) to 26 nm (RMS) by tuning afew of the
compensator designs. ‘I"hiswill continue untilthe 10 nm
(RMS) requirement is demonstrated with the vibrating
reaction wheel.
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input force(N)and firinge position output (rim). The dashed
curve indicates an approximate desired shape of thiscurve
after the application of vibration attenuation technologies.




‘J he next major’ configuration change to the evolving
MP1 testbed will be the addition ofa second interferom-
eter baseline. This will enable the evaluation of the feed-
forward strategy to pointing a science interferometer,
using attitude information from the guide interferom-
eter and the metrology systems. In the near term, the
star simulator may be upgraded to a white light source.
This would require the corresponding upgrade in the
fringe detector.

Finaly, these encouraging preliminary results con-
firm that the MPI testbed provides an essential link
between the extensive ongoing ground-based interfer-
ometer technology development activities and the tech-
nology needs of future spaceborne interferometers. The
most immediate prospect for a spaceborne interferom-
eter is the Stellar Interferometer I’ethnology Experi-
ment (SITE)S presently under evaluation for the in
Space Technology Experiment Program (In-STEP). SITE
proposes to fly a single Michelson interferometer in the
cargo bay of the Shuttle. ‘I’'he dimensions, component
count, vibration attenuation challenge, and technical
approach are extreme] y similar to the MPI system.
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